Abstract: Self-assembly of block copolymers is an emerging strategy to produce isoporous ultrafiltration membranes. But till today it was not possible to bridge the gap from ultra-to nanofiltration and decrease the pore size of self-assembled block copolymer membranes to the sub 5 nm range without post-treatment. Here we report that blends of two chemically interacting copolymers can form highly porous membranes by self-assembly with pore diameters as small as 1.5 nm. The membrane containing an ultra-porous 60-nmthin separation layer can totally reject solutes with molecular weights of 600 g/mol in aqueous solutions with a water flux more than an order of magnitude higher than permeances of commercial nanofiltration membranes. Simulation of the membrane formation process by dissipative particle dynamics (DPD) allowed us to explain the dramatic pore size reduction observed aligned to high water flux.
Nanoporous membranes are an important tool for water softening, the removal of micro-pollutants, demineralization of organic solutes, protein separation and the recovery of dyes from waste water. [1, 2] Although a wide variety of nanoporous membrane systems has been developed, a number of challenges in their production still exists. [3] [4] [5] [6] These include improving the permeability of the membranes with simultaneous and efficient rejection of specific molecules, up-scaling the production process, reducing membrane fouling and reproducing membrane performance. Self-assembly of well-defined block copolymers is a key strategy in the fabrication of functional nanostructured materials. [7, 8] Amphiphilic BCPs are able to selfassemble into well-defined nanoscale structures with a domain spacing that depends on the balance of repulsive interactions between dissimilar segments and the conformational entropy loss of the distinct blocks. [9] [10] [11] Several years ago Peinemann et al. reported a simple and scalable technique for fabricating integral asymmetric isoporous block copolymer membranes. [12] Since then our group studied the formation mechanism and tuned the pore size between 20 and 3 nm. [13] [14] [15] The sub 10 nm pores were obtained by electroless gold deposition. [13] However, according to Hagen-Poiseuille's equation: dv/dt =(πR 4 Δp)/(8ηL), the flux (dv/dt) decreases rapidly as the pore radius decreases.
To address this decrease in flux, we focused on the fabrication of nanoporous membranes with high water permeability by combining the self-assembly of AB/AC BCP blends with nonsolvent-induced phase separation. We investigated the blending of BCPs because of the simplicity of the process. Bulk morphologies, thin films and micelles of BCP blends have been previously studied whereas only a few studies of membranes have been conducted. [16] [17] [18] [19] [20] The most recent publication on blended BCP membranes describes the blends of two AB block copolymers with different molecular weights and block lengths. [21] In that study, the pore size could be tailored, but the pore diameter could not be decreased below the pore diameter of the single-component block copolymer membrane. Moreover, reported pore sizes in the previous studies on BCP membranes are consistently equal to or larger than 20 nm. Here, we selected blends of interacting AB/AC copolymers and decreased the pore size to the nanofiltration range (smaller than 3 nm). Two di-BCPs, i.e., high-molecular-weight PS1807-b-P4VP609 and low-molecularweight PS144-b-PAA22, in which P4VP and PAA can interact through hydrogen bonds (Supporting Information Scheme S1), were chosen. Instead of directly patterning the pores, we discovered that nanoscale voids, giving rise to the pores of the blended BCP membrane, are formed spontaneously between the densely packed spherical micelles.
The new blended BCP membranes were fabricated by introducing different amounts of PS144-b-PAA22 into PS1807-b-P4VP609/DMF/dioxane/acetone mixtures. The initial PS-b-P4VP weight was constant in all experiments, while the PS144-b-PAA22-to-PS1807-b-P4VP609 molar ratio ranged from 2.5:1 to 9:1. A flexible membrane (Figure 1a ) was obtained comprising a thin layer on top of a sponge-like layer. Figures 1b and 1c show the blended BCP membrane with a PS144-b-PAA22-to-PS1807-b-P4VP609 molar ratio of 6:1, suggesting a high pore density. The average thickness of the top layer as shown in the cross-section SEM images (Figures 1d and 1e ) was only ca. 60 nm. To evaluate the pore size of the blended BCP membranes, we filtered protoporphyrin-IX (Mw = 562.6 g/mol, 0.01mg/ml) and lysine (Mw = 146.2 g/mol, 1mg/ml) solutions through the membranes. The membranes were tested in an Amicon stirred cell at a pressure of 1.37 bar. We manufactured membrane areas of 50 cm 2 or larger; the final membrane discs for testing had diameters of 2.2 cm. Figure 2a shows that the retentate concentration of protoporphyrin-IX increased with filtration time, and no protoporphyrin-IX could be detected in the permeate. This means that water passed through the membrane, while protoporphyrin-IX was rejected by the blended BCP membrane. However, lysine freely passed through the membrane without rejection. Protoporphyrin-IX and lysine have diameters of 1.47 nm and 0.9 nm (Supporting Information Figure S1 ), respectively, as characterized by DLS, [2] indicating that the effective pore diameter of the blended BCP membrane was smaller than ca. 1.5 nm. Additionally, Brunauer-Emmett-Teller (BET) analysis, calculated from the N2 adsorption isotherm using the BarrettJoyner-Halenda (BJH) method, shows a sharp peak for the pore width at around 1.7 nm (Supporting Information Figure S5 ) and a broader distribution above 10 nm. The peaks for membranes were observed to be asymmetric and the peak in the lower size range is consistent with the sharp cut-off of the membrane's selective layer, while the broader distribution in the larger size range corresponds to sub-layers with increasing pore structures formed by macrophase separation. More detailed filtrations of different solutes through the membranes are presented in Supporting Information Table S1 . Another remarkable property of this membrane is that the fluxes were as high as 540 L m -2 h -1 for the protoporphyrin-IX solution and 592 L m -2 h -1 for pure water at a pressure of 1.37
bar. Compared with commercial membranes with similar pore sizes, our blended BCP membranes are manufactured using a simple one-step fabrication process; they have a narrow pore size distribution, high water permeability and high scale-up potential. In addition, the water flux through the membrane with the 6:1 PS144-b-PAA22-to-PS1807-b-P4VP609 molar ratio increased linearly with pressure in the range of 0.5-3.5 bar as shown in Figure 2b , indicating the stability of the membrane. The formation of nanopores with ultrafast water permeation is guided by the self-assembly of the two copolymer molecules in the solution. A special feature of the plain PS-b-P4VP membrane formation in a selective solvent mixture is the micelle formation and its supramolecular assembly in hexagonal order. This order is practically immobilized by immersion in water, a non-solvent for the block copolymer. At the same time, phase separation by spinodal decomposition takes place, leading to the consolidation of a more disordered, asymmetric porous substructure. [14, 15] The ordered hexagonal top layer of the plain PS-b-P4VP can be seen in Figure 3b , imaged by an atomic force microscope (AFM). We previously investigated the mechanism of pore formation in membranes obtained from single PS-b-P4VP copolymers by small-angle X-ray scattering (SAXS) 19 , cryo microscopy [22, 23] and in-situ grazing-incidence SAXS [23] and demonstrated how self-assembly in solution is relevant to the process and how it is affected by the copolymer concentration and solvent composition. With the introduction of PS-b-PAA to the PS-b-P4VP solution, the micellar order is disturbed and a much denser surface is obtained, as shown in Figure 3c (AFM), as well as 1b (field emission scanning electron microscopy, FESEM). The assembly in solution as well as the final membrane morphology is more complex. Vyhnalkova et al. [24, 25] recently reported a detailed investigation of the morphology of PS-b-P4VP/PS-b-PAA mixtures in relatively diluted solutions containing water.
They emphasized the complexity and the interplay between the copolymer lengths as well as the ionic character, solubility and response to protonation of these mixtures. The solutions we used for membrane casting were in a much higher concentration range than those used by Vyhnalkova et al.
To understand the assembly changes in the presence of PS-b-PAA in the concentration range relevant to membranes, we modeled the block copolymer blends using dissipative particle dynamics (DPD), a method introduced by Hoogerbrugge and Koelman. [26] We previously used DPD simulation to explain the formation of plain PS-b-P4VP membranes. [22] While PS1807-b-P4VP609 formed micelles in the solvent mixture investigated (DMF/dioxane/acetone), the segregation was not strong in the case of pure PS144-b-PAA22 due to the relatively low AA block size. Segregation is favored when the thermodynamic interactions multiplied by blocks sizes are high (Supporting Information Figure S2 , Tables S3-S5 ). When the two copolymers are mixed, complexes are formed due to hydrogen-bonding interactions, [27] and the PAA blocks can penetrate the shell of the PS-b-P4VP micelles, leading to the morphology changes depicted in Figure 3a and in Supporting Information Figure S3 . The DPD simulation shows that the radius of gyration for PS-b-P4VP chains decreased as the PS-b-PAA ratio increased, as did the characteristic segregation domain size in the final structured membrane (Figure 3a) . Correspondingly, the AFM results indicate the decrease of micellar size from ca. 35 nm for the pure PS-b-P4VP membrane (Figure 3b ) to ca.15 nm or less for the blended BCP membrane (Figure 3c ). Smaller pores are formed. Conversely, because of the hydrophobic character (PS blocks) of PS-b-PAA, we believe that they promote the morphological transition by inserting their hydrophobic chains into PS-b-P4VP micellar aggregates (Supporting Information Figure S3 ), also leading to an increase in the entropic constraint. [28] A morphological transition from quasi-hexagonal to densely packed spherical micelles also helps to relieve this entropy strain (Figure 3 ), leading to smaller, highly dense pores. The final surface morphology is the result of cooperation between these two factors, i.e., hydrogen bonding between P4VP and PAA units and the hydrophobic tails of PS-b-PAA inserting into the PS-b-P4VP micellar cores. A clear change in the water flux as the relative amount of PS-b-PAA increases is shown in Figure 2c . The block length of PS-b-PAA also plays a critical role in the fabrication of the blend membrane. Aggregation is likely to happen in blends of PS1807-b-P4VP609 and large-molecular-weight PS673-b-PAA180 as confirmed both by experimental (not shown here) and simulation results (Figure 4 , Supporting Information Figures S3 and S4 ). The effect of the length-ratio (lr = NPS-b-P4VP/NPS-b-PAA) on the overall self-assembly is evident in the DPD results depicted in Figure 4 . Lower values of lr correspond to longer PAA chains and lead to strong associations with P4VP domains and an overall increase in the domain size. Figure 4b simulates the morphology after the concentration of polymer increases by solvent evaporation and addition of water (a poor solvent in this case) to the system, demonstrating the formation of a large number of smaller domains in the presence of small PS-b-PAA copolymers. These domains give rise to the membrane's pores. The faster water transport through the blended BCP membrane (Figure 2c and Supporting Information Table S1 ) is a consequence of the exceptional pore density, the thin top layer, and the highly hydrophilic PAA blocks. The number of pores increases dramatically after the addition of PS-b-PAA ( Figures  3b and 3c) , which is partially located in the pore walls. A clear transition in the permeability characteristics is seen for PS144-b-PAA22-to-PS1807-b-P4VP609 molar ratios between 4:1 and 6:1. The increase in hydrophilicity is confirmed by the contact angle values and the water-membrane adhesion (Supporting Information Table S2 ). The transition in permeability can be also associated with the reduction in the micellar size. This trend is consistent with the increment in interfacial area (!) between PS and P4VP domains measured in our simulations (Figure 2c ). The abrupt change in area at molar ratios around 4:1, reflects the reduction in the characteristic domain-size.
The advantage of this technique is that the nanopore membrane fabrication is simple compared with post-deposition fabrication processes [13, 29, 30] and synthesis of new polymers. [31] Our simulations suggest that a variety of copolymers can be used with this technique. It should also be possible to scale-up the blended BCP membrane fabrication process by combining high separation factors with high fluxes. . [32] We used the standard DPD units of length, rc = 1, mass m = 1, energy ϵ = kBT = 1, and time τ = 1.
Experimental Section
The particle density in our system was ρn = 3 particles/r 3 c. A time step of 0.04τ was used to restrict temperature fluctuations to be smaller than 1%. The simulated systems were evolved for 1e10 6 time steps. The analysis and visualization of the computational results were performed with inhouse software and OVITO. [33, 34] We used periodic boundary conditions in cubic simulation boxes of size Lbox = 131rc. The box size was defined to be proportional to the overestimated radius of gyration as Lbox = zroN υ PS-b-P4VP, where z = 6 is the proportionality constant, ro = 0.8rc is the equilibrium bond length between connected particles, NPS-b-P4VP = 192, and υ = 0.63. The value of υ is an overestimated parameter, since we are defining the box size as if the polymer coils were extended. Detailed parameters and descriptions are provided in the Supporting Information.
